Background: Memories are not created equally strong or persistent for different experiences. In Drosophila, induction of long-term memory (LTM) for aversive olfactory conditioning requires ten spaced repetitive training trials, whereas a single trial is sufficient for LTM generation in appetitive olfactory conditioning. Although, with the ease of genetic manipulation, many genes and brain structures have been related to LTM formation, it is still an important task to identify new components and reveal the mechanisms underlying LTM regulation. Results: Here we show that single-trial induction of LTM can also be achieved for aversive olfactory conditioning through inhibition of highwire (hiw)-encoded E3 ubiquitin ligase activity or activation of its targeted proteins in a cluster of neurons, localized within the a/b core region of the mushroom body. Moreover, the synaptic output of these neurons is critical within a limited posttraining interval for permitting consolidation of both aversive and appetitive LTM. Conclusions: We propose that these a/b core neurons serve as a ''gate'' to keep LTM from being formed, whereas any experience capable of ''opening'' the gate is given permit to be consolidated into LTM.
Introduction
One of the common features of memory induction is that the repetitive event induces the long-term memory (LTM), which requires de novo protein synthesis and a postacquisition consolidation process, much more easily than single experience [1, 2] . The repetitive event is viewed to be capable of activating intracellular signaling pathways much stronger than single experience, thereby more likely triggering mechanisms that regulate LTM induction-relevant gene expression [3, 4] . Yet there are well-documented examples of LTM induction through single experience [5] [6] [7] [8] [9] . Current work suggests a gating mechanism involved in giving permission of whether an experience should be consolidated into LTM.
In Drosophila, repetition is commonly required for LTM induction in many training paradigms [2, 10, 11] . In aversive olfactory conditioning, single-session training, associating an odor with electric shock, only produces short-term, intermediate-term, and weak anesthesia-resistant memories (ARMs) that last less than 1 day, whereas spaced training (ten repetitive trials with 15 min resting intervals in between) induces protein synthesis-dependent LTM that lasts for at least 7 days [2, 12, 13] . However, single trial of appetitive olfactory conditioning, associating an odor with sucrose, is capable of inducing LTM that lasts for days [7, 8] . In the last 20 years, extensive investigations revealed molecular and neural anatomic components underlying aversive and appetitive olfactory LTM, including involvement of cyclic AMP response element-binding protein (CREB)-regulated gene expression [7, 14] , the neuronal activities of mushroom body (MB) [7, 15] , dorsal-paired medial neurons [16] , and dorsal-anteriorlateral neurons [17] . However, the mechanisms of LTM regulation are still far from clear.
The current study of the highwire (hiw) gene shed light on this problem. Our analysis of behaviorally identified LTM mutants led to the finding that the hiw gene [18] and its downstream proteins, wallenda (wnd) [19] , a mitogen-activated protein kinase kinase kinase (MAPKKK), and basket (bsk) [19] , a c-Jun N-terminal kinase (JNK), play an interesting role in affecting number of training trials needed for inducing aversive olfactory LTM. The hiw gene encodes an E3 ubiquitin ligase, which is important in regulation of synaptic growth at the neuromuscular junction [18, 20] and axon guidance in fly central nervous system [21] . We then identified a subset of Kenyon cells, located within the a/b core region of the MB, with intriguing features. The nature of this cluster of neurons led us to propose that they serve as a gate to keep LTM from being formed. Whether an experience is allowed to be consolidated into LTM depends on its ability in ''opening'' the gate, which is easier for experiences important for survival.
Results
We previously constructed and screened 2,021 homozygous adult-viable P{lacW} transposants for lines with defected aversive LTM after spaced training. One identified mutant, named ben P1 , has a P element insertion within an intron of the hiw gene (insertion site at X:14,918,446). Within this intron also resides another small gene, ben [22] (Figure 1A ). Further analysis revealed that the impaired LTM phenotype in the ben P1 mutant resulted from altered expression of ben rather than hiw. On the contrary, memory was enhanced in hiw mutants.
Inhibition of Hiw Activity Facilitates LTM Formation
As shown in Figure 1B , 24 hr memory induced by singlesession or two-session spaced aversive training was significantly increased in two hiw mutants, hiw ND9 and hiw DN (see Figure 1A ) [20] , whereas LTM remained unaltered in hiw mutants subjected to regular spaced training. This phenotype did not result from changes in sensorimotor abilities that are essential for the task (see Table S1 available online).
To determine the nature of the enhanced memory, we compared the retention curves at various time points after onesession training. hiw ND9 flies had a normal memory in the first 3 hr after training and a slightly but not significantly elevated memory at 8 hr, whereas they exhibited significantly enhanced memory at the time points of 12 and 24 hr ( Figure 1C ). The unaltered performance in the first 3 hr suggested that the observed memory enhancement is not due to a strengthened acquisition of the initial memory. To exclude the possibility of a ceiling effect, we determined the acquisition scores of hiw ND9 flies at different electric shock intensities (20V, 40V, and 60V) and numbers of shock pulses (4, 8, and 12) (Figure S1A ). Consistently, no statistically significant difference was found. Taken together, the results suggested that hiw mutants have normal short-term and intermediate-term memories but increased memory after 12 hr.
There are two types of well-described consolidated memory forms that can last more than 1 day: LTM and ARM [2, 23] . Protein synthesis is critical for induction of LTM, but not for ARM. Our results indicated that the enhanced memory was protein synthesis dependent because feeding hiw mutant flies with a protein synthesis inhibitor, CXM (cycloheximide), eliminated the 24 hr memory enhancement ( Figure 1D ), whereas feeding with vehicle had no effects. Thus, LTM formation was facilitated in hiw mutants such that only a single training session was needed for its induction as compared to the ten-spaced sessions normally required in wild-type (WT) flies.
Reported effects of Hiw regulating synaptic growth through E3 ligase activity [20] raised the concern that the observed memory phenotype resulted from abnormal development of the nervous system, instead of acute involvement of the Hiw physiological functions. To address this concern, we used the RU486-inducible GAL4 Gene-Switch (GS) system [24] to acutely manipulate hiw transgene expression in adult flies. Expression of transgenes of either UAS-hiw (the WT hiw + transgene) or UAS-hiwDRING (the dominant-negative hiw transgene with the abolished ligase activity) [20] was effectively induced in response to 2 days of RU486 feeding after eclosion ( Figure S2 ). Acutely, expression of hiw + transgene in the adult nervous system was sufficient to rescue the mutant phenotype ( Figure 2A) . Additionally, the facilitated LTM phenotype was presented ( Figure 2B ) in flies with acutely attenuated Hiw ligase activity through pan-neuronal expression of the hiwDRING. Expression of hiwDRING in hiw ND9 mutant did not lead to further enhancement in 24 hr memory ( Figure 2C ), reflecting the specific dominant-negative effect in inhibiting Hiw function. Taken together, these results supported the idea that inhibition of Hiw E3 ligase activity, likely leading to the accumulation of target proteins, acutely caused facilitation of LTM formation.
Hiw Functions in the MB a/b Core Region Given Hiw's role in facilitating LTM formation, we sought to determine the expression pattern of this gene in the adult fly brain. Because no suitable antibody was available for immunocytochemistry staining in adult fly brain [20] , we visualized the GAL4 expression pattern of hiw NP4132 (termed hiw-GAL4 below) with a P{GawB} element insertion in an intron of the hiw gene with the same transcription direction (insertion site at X:14,918,437) ( Figure 1A ). Confocal imaging of the green fluorescent protein (GFP) signal in hiw-GAL4/+;UAS-mCD8:: GFP/+ flies revealed a preferential expression in four major compartments of the adult central brain ( Figure 3A ; Movie S1), including fan-shaped body (FB), ellipsoid body (EB), glial cells (GCs), and the MB. The other two hiw enhancer-trap lines (NP1041 and NP2284) showed weaker GFP signals but very similar expression patterns to hiw-GAL4 ( Figure S3A) . A close examination of confocal images mapped expression of hiw-GAL4 within the MB to the core region of a/b lobes ( Figure 3B ). Such images, obtained through double labeling, indicated that hiw-GAL4 labels intrinsic Kenyon cells at the calyx region, the inner part of lobes, and peduncle of MB outlined through MB247-dsRed ( Figure 3B , red signal) [25] . The expression pattern of hiw-GAL4 in MB is reminiscent of the MB core neurons by comparing to other MB GAL4 ( Figure S3B ). Average data are presented as mean 6 SEM; **p < 0.01, ***p < 0.001. See Table S1 for task-relevant sensorimotor abilities. See also Figure S1 .
Furthermore, the MB expression could be eliminated by introducing additional expression of MB-GAL80 [16] targeted to the MB, while leaving expression in all other compartments unchanged (see the effect of removing hiw-GAL4-induced GFP expression specifically within the MB by comparing the two columns in Figure 3B ; Figure S3C ).
Subsequent behavioral assays demonstrated that Hiw regulates LTM formation in MB, specifically within the core region of the a/b lobes. Inhibition of Hiw functions in hiw-GAL4 neurons through expression of UAS-hiwDRING led to the enhanced 24 hr memory after one-session training ( Figure 3C ), which reliably phenocopied the hiw mutants. Consistently, the learning was unchanged ( Figure S3D ), and the enhanced 24 hr memory was also protein synthesis dependent ( Figure S3E ). However, suppression of the MB expression in hiw-GAL4 failed to induce the LTM facilitation. The hiwDRING-induced memory enhancement could also be observed in other GAL4 drivers that include the a/b core region (NP7175, NP6024, and c739) [26, 27] , but not in the GAL4 driver that labels a/b posterior and surface neurons (NP5286) [26] or GC (repo-GAL4) [28] ( Figure 3C ). Similar enhancement was also achieved by expressing UAS-hiwRNAi in hiw-GAL4, NP7175, and NP6024 ( Figure S3F ). The morphological structure of MB was not obviously affected by hiwDRING expression (Figure S4G ). In contrast, overexpression of hiw + transgene in hiw-GAL4 or NP7175 severely impaired LTM formation induced by spaced training ( Figure 3D ), whereas presence of MB-GAL80 eliminated the LTM impairment. Meanwhile, the learning was unchanged in hiw-GAL4/+;UAS-hiw/+ flies (Figure S3H) . Task-relevant sensorimotor responses were not significantly altered in most lines, except NP7175/+;;UAShiwDRING/+ and c739/+;UAS-hiwDRING/+, which performed significantly worse than the UAS-hiwDRING control in odor acuity but indistinguishably from their GAL4 controls (Table  S2) . Taken together, we showed that inhibition of Hiw activity within a/b core neurons could facilitate LTM formation, whereas excessive Hiw blocks LTM formation.
Involvement of Hiw Downstream Targets in the Facilitation of LTM Formation
To verify the functional role of Hiw and gain more mechanism insights, we tested the genetic regulation of Hiw downstream signals. Wallenda (Wnd), a MAPKKK homologous to the vertebrate dual-leucine zipper-bearing kinases (DLKs and LZKs, respectively), plays a crucial role in Hiw-mediated synaptic overgrowth [19] . In the established model for Hiw function ( Figure 4A ), Hiw constrains the protein level of Wnd, which is thought to function as an upstream regulator of the JNK/ MAPK, encoded by bsk in Drosophila [19] .
As shown in Figure 4B , reduction of Wnd and Bsk by expressing wnd RNAi or Bsk dominant-negative protein (BskDN) [29] blocked the enhancement of LTM formation induced by expressing UAS-hiwDRING in hiw-GAL4 while leaving learning unaffected ( Figure S4A ). To further explore whether the accumulation of Hiw downstream protein is sufficient to facilitate LTM formation, we used temperature-sensitive GAL80 system [30] to acutely overexpress Wnd protein. After 4 days' induction, overexpression of Wnd in hiw-GAL4 and NP7175 both resulted in enhanced LTM formation, which mimicked the phenotype in hiwDRING group ( Figure 4C ) or hiw RNAi group after induction ( Figure S4B ). The data also showed that the kinase activity of Wnd was critical for facilitating LTM because expression of kinase-dead Wnd protein failed to induce such phenotype ( Figure 4C ). In all groups, learning was unaffected ( Figure S4C ). Western blotting revealed the efficiency of the overexpression of Wnd and, more importantly, showed that expressing hiwDRING did increase the Wnd protein level ( Figures 4D and 4E) . Moreover, after acute upregulation of Wnd, immunostaining with anti-FASII revealed that the morphology of MB was unaffected ( Figure S4D ). The results above suggested the involvement of Wnd/JNK pathway in Hiw-regulated LTM formation.
MB a/b Core Neurons Permit Aversive LTM Consolidation
The facilitated LTM phenotype achieved through manipulation of Hiw activity within MB a/b core neurons posed the immediate question of whether such manipulation acts to affect acquisition, consolidation, or retrieval. To address this question, we used the temperature-sensitive shibire (shi) mutant transgene [31] , UAS-shi ts1 , to manipulate synaptic output reversibly. The shi ts1 gene encodes a mutated Dynamin that allows normal neurotransmitter release at permissive temperatures (below 23 C) but blocks synaptic transmission at restrictive temperatures (above 30 C) [31] . At the permissive temperature (18 C), expression of UASshi ts1 in all drivers tested had no effects on LTM induced by regular ten-session spaced training ( Figure 5A ). LTM was also not affected by blockade of synaptic transmission in either hiw-GAL4 or NP7175 during acquisition (Figure 5B ) or during retrieval ( Figure 5C ). However, LTM was impaired when synaptic transmission was blocked during the whole consolidation period in hiw-GAL4 group (Figure S5A ) or in the interval 6 hr after completion of spaced training for a period of 12 hr in hiw-GAL4, c739, NP6024, or NP7175 groups ( Figure 5D ). This memory impairment, observed in the drivers containing the a/b core region, was not shown in repo-GAL4, NP5286, and hiw-GAL4;MB-GAL80 group ( Figure 5D ). Average data are presented as mean 6 SEM; **p < 0.01. n.s., nonsignificance. See also Figure S2 for the efficiency of acute induction of the elav-GS system.
The memory impairment was specific for LTM because blocking synaptic transmission in a/b core neurons within the whole consolidation period or indicated 12 hr time window had no effects on ARM induced by ten-session massed training in tested flies ( Figure S5B ; Figure 5E ), and blocking synaptic output from hiw-GAL4 and NP7175 neurons did not affect learning ( Figure S5C ). In most cases, task-relevant sensorimotor responses were not significantly altered, except NP7175/+;;UAS-shi ts1 /+ and c739/+;UAS-shi ts1 /+, which performed significantly worse than the UAS-shi ts1 control in odor acuity but indistinguishably from their GAL4 controls at the permissive temperature (Tables S3 and S4) .
As shown in Figure 5F , blocking the transmission from hiw-GAL4 during consolidation period could also eliminate the hiwDRING-induced LTM facilitation. Moreover, the similar requirement of core neurons in LTM consolidation was also observed by using another odor pair (OCT/BEN) as shown in Figures S5D-S5F . Thus, synaptic output from the identified a/b core neurons plays a critical role during the period of LTM consolidation in a very specific manner that permits aversive olfactory LTM that is induced by either single-session training or regular spaced repetitive training.
MB a/b Core Neurons Also Permit Appetitive LTM Consolidation
The suggested permissive function of identified MB a/b core neurons made us curious about its general role in LTM induction. In particular, appetitive LTM is induced with only (B) Expression pattern of hiw-GAL4, hiw-GAL4;MB-GAL80 in MB lobes, peduncle, and Kenyon cell region. The whole MB structure was indicated by MB247-dsRed-labeled region (red signal), and the GAL4 expression pattern was displayed by mCD8::GFP-labeled region (green signal). Top view shows the expression in the Kenyon cell region. Middle view is the expression in the peduncle. Bottom view demonstrates the expression in MB lobes. In hiw-GAL4 and hiw-GAL4;MB-GAL80 images, the cell bodies of the FB are outlined by white lines. In the hiw-GAL4;MB-GAL80 peduncle and lobe region, white dashed lines outline the a/b core subdivision; yellow arrow indicates some extrinsic innervations onto MB lobes. Scale bars represent 20 mm. (C) Attenuating Hiw activity in hiw-GAL4-labeled neurons was sufficient to facilitate LTM formation. UAS-hiwDRING flies were crossed with indicated GAL4 drivers. Facilitated LTM formation can be seen in hiw-GAL4, NP7175, NP6024, and c739 groups (p < 0.05, n = 10-12, ANOVA), but not in hiw-GAL4; MB-GAL80, NP7175;MB-GAL80, or NP5286 (p > 0.58, n = 10-12, ANOVA and Kruskal-Wallis ANOVA). (D) Overexpression of the WT Hiw protein impaired LTM. hiw-GAL4/+;UAS-hiw/+ or NP7175/+;UAS-hiw/+ flies displayed significantly impaired LTM after ten-session spaced training compared with control flies (p < 0.01, n = 8, ANOVA), where LTM was normal in hiw-GAL4/+;MB-GAL80/UAS-hiw or NP7175/+;MB-GAL80/UAS-hiw flies (p > 0.9, n = 8, ANOVA and Kruskal-Wallis ANOVA). For the X chromosome-located hiw-GAL4, hiw-GAL4;MB-GAL80, NP7175, NP7175;MB-GAL80, and NP6024, only female results are shown. Average data are presented as mean 6 SEM; *p < 0.05, **p < 0.01, ***p < 0.001. See Table S2 for task-relevant sensorimotor abilities. See also Figure S3. single-session training, rather than ten-session spaced training as in induction of aversive LTM.
In the appetitive-learning task, we measured LTM 48 hr later after training. Because flies cannot form or retrieve appetitive memory unless they are hungry [7] , flies were food deprived for 36 hr before training, reintroduced to food for 24 hr after completing training (to avoid starvation and heat shock caused death), and then food deprived for 24 hr before testing. Control experiments showed that at the permissive temperature (23 C), one session-induced appetitive LTM was normal in all genotypes tested ( Figure 6A ). We then demonstrated that disrupting synaptic output from hiw-GAL4-labeled neurons or from a/b lobe core regions (c739 and NP6024) at the restrictive temperature (30 C) in the posttraining period impaired appetitive LTM ( Figure 6B) , whereas the task-relevant sensorimotor responses were not significantly altered (Tables  S5 and S6 ). However, appetitive LTM was normal in flies when synaptic transmission was blocked in those hiw-GAL4-labeled brain regions outside of the MB (hiw-GAL4;MB-GAL80 group), in the a/b posterior and surface region (NP5286 group), or in GCs (repo-GAL4 group) ( Figure 6B ). It is interesting that blockade of output from the NP7175-labeled inner part of core neurons alone did not impair appetitive LTM consolidation. This observation can either result from a further functional division within the core region or a complementary effect from NP7175-unlabeled core neurons.
We further tested the idea that hiw-GAL4-labeled MB a/b core neurons are specifically engaged in consolidation by introducing two time windows during which synaptic transmission was blocked. Appetitive LTM was normal when the blockade of synaptic transmission (at 30 C) occurred 12 hr after completing training ( Figure 6C ) but was defective if synaptic transmission was disrupted immediately after training for 12 hr ( Figure 6D ). This result showed that disruption of synaptic transmission from hiw-GAL4-labeled MB a/b core neurons affected LTM only during the phase of consolidation and thus supported the idea that hiw-GAL4-labeled MB a/b core neurons play a permissive role in gating consolidation of not only aversive but also appetitive LTM.
Discussion
The current study began with the finding that 24 hr memory resulting from single session was enhanced in two hiw mutant alleles. This enhanced memory component was identified as facilitated LTM, given that it was sensitive to protein synthesis inhibition. The behavioral effect of hiwDRING and the presence of a hiw-GAL4 line allowed us to map the neural circuitry to a cluster of MB a/b core neurons, within which Hiw and its downstream targets regulate LTM. Furthermore, we showed that the MB a/b core neurons were involved in the consolidation of both aversive and appetitive LTM. In conclusion, the observations that the MB a/b core neurons were capable of both facilitating and limiting LTM suggested a working model in which the ability to form LTM is gated through these neurons. The significance of results presented is further elaborated below.
Involvement of Hiw and Its Downstream DLK/JNK Pathway in LTM Regulation
Not only synthesis but also degradation of proteins plays a critical role in the remodeling of synapses, learning, and memory [32] . Altered memory formation in ubiquitin ligase mutants has been reported in mice and Drosophila [33, 34] . Here, we reported that Hiw, an evolutionarily conserved E3 ubiquitin ligase, negatively regulated LTM formation through restraining its downstream target Wnd [19] . Our results indicated Hiw function as an inhibitory constraint, as the memory suppressor Female flies of indicated GAL4 drivers were crossed to WT male flies (+/+) or to UAS-shi ts1 male flies, and all the progenies were raised at 18 C to minimize any potential ''leaky'' effect of UAS-shi ts1 on development. Temperature-shift protocols are shown above each graph. For the X chromosome-located hiw-GAL4, hiw-GAL4;MB-GAL80, NP6024, and NP7175, only female results are shown. (A) The permissive temperature (18 C) did not affect LTM after ten-session spaced training of all genotypes used in this study (p > 0.2, n = 8-10, ANOVA and Kruskal-Wallis ANOVA). See also Table S3 for task-relevant sensorimotor abilities. (B) Blocking synaptic output from hiw-GAL4 and NP7175 neurons during the training period did not affect LTM performance (p > 0.9, n = 8, ANOVA). (C) Blocking synaptic output from hiw-GAL4 and NP7175 neurons during the testing period did not affect LTM performance (p > 0.9, n = 8, ANOVA). (D) Blocking synaptic output from hiw-GAL4, c739, NP6024, and NP7175 neurons during the LTM consolidation period (6-18 hr after the end of training) disrupted LTM performance (p < 0.001, n = 8-10, ANOVA and Kruskal-Wallis ANOVA), whereas LTM was not affected in hiw-GAL4;MB-GAL80, NP5286, and repo-GAL4 flies. See also Table S4 for task-relevant sensorimotor abilities. (E) Blocking synaptic output during the memory consolidation period (6-18 hr after the end of training) did not impair ARM after ten-session massed training (p > 0.48, n = 8, ANOVA and Kruskal-Wallis ANOVA). (F) Blocking synaptic output from hiw-GAL4 during the consolidation period eliminated the facilitated LTM caused by hiwDRING expression (p < 0.01, n = 8, ANOVA). Average data are presented as mean 6 SEM; **p < 0.01, ***p < 0.001. See also Figure S5. gene [35] , on LTM formation. Removal of this suppressor or direct activation of its downstream signals could lead to the facilitated LTM induction without the repetitive training that is normally required. So far, the physiological consequence of Hiw or Wnd in core neurons still remains an open question. Because of the extensively shared components with hiw's function in synaptic growth and transmission [18, 19] , the attenuated Hiw activity may elevate Wnd level and then lead to the excessive synaptogenesis or abnormal synaptic activity in core neurons. It will also be interesting to test whether the hiw-mediated LTM facilitation shares some common molecular components with the corkscrew-regulated spacing effect in LTM induction [36] , in which the MB a/b lobes also play an important role.
In a recent report, Hiw regulates the axon guidance in MB [21] . We also observed the morphological defect in MB a/b lobes in a portion of hiw mutant flies ( Figure S1B ). It is striking that hiw mutants with MB defect can form LTM even more efficiently, given the observation of LTM impairment in another MB structural mutant, ala [15] . However, comparing to the total loss of vertical lobes (including a and a 0 ) in ala mutant, most hiw mutants had the abnormal thickness of a/b lobes caused by the unequal distribution of the MB axonal projections between the a and b lobes, and about 39% of hiw DN mutant had the shortened a lobe [21] . One of the possible explanations is that the remaining function of a/b lobe in hiw mutants is sufficient to support the LTM. Moreover, expression of Hiw dominant-negative protein or acutely increasing Wnd protein level in MB was sufficient to promote LTM but did not give rise to any observable gross morphological change in MB ( Figures S3G and S4D) . Thus, we suggest that Hiw mediates memory phenotype through a different mechanism from the one that led to the structure change in the MB.
MB a/b Core Region in Giving the Permission to Consolidation of LTM The involvement of MB in the hiw-mediated LTM facilitation led us to further probe the function of this structure in LTM regulation. It has been well documented that the MB, a bilateral brain structure that consists of approximately 2,500 neurons in each hemisphere [37] , plays the central role in olfactory memories, both aversive and appetitive [7, 16, [38] [39] [40] . Intrinsic MB neurons are organized into physically distinct a, b, a 0 , b 0 , and g lobes [41, 42] . All three lobes exhibited different functions in memory processing, such that the output of a/b lobes was required for retrieval of memory [7, 16, 43] , a 0 /b 0 lobes were transiently required to stabilize memory [16] or to retrieve immediate memory [44] , and g lobe mediated rutabagadependent mechanism and dopaminergic signal to support short-term memory (STM) and LTM formation [45, 46] . Moreover, memory traces mapped to different lobes exhibited different temporal features [44, [47] [48] [49] .
Through gene expression patterns and enhancer trap lines, each lobe of MB can be classified into more specific subgroups such as the posterior, surface, and core regions in the a/b lobes [26, 50] . The current work shows that a/b core neurons play a distinct role in LTM induction. The synaptic outputs of these neurons are critical during consolidation of LTM for both aversive and appetitive conditioning, but these neurons are not involved in LTM cellular consolidation per se because a landmark of LTM cellular consolidation, CREB-mediated protein synthesis, occurs in non-MB neurons [17] . Thus, one of the roles for this cluster of neurons can be viewed as simply providing connections to channel learning Female flies of indicated GAL4 drivers were crossed to WT male flies (+/+) or to UAS-shi ts1 male flies, and all the progenies were raised at 18 C to minimize any potential ''leaky'' effect of UAS-shi ts1 on development. Temperature-shift and food-deprivation protocols are shown above each graph. For the X chromosome-located hiw-GAL4, hiw-GAL4;MB-GAL80, NP6024, and NP7175, only female results are shown. (A) The permissive temperature (23 C) did not affect appetitive LTM after one-session appetitive training (AP training) for all genotypes used in this study (p > 0.22, n = 8-10, ANOVA and Kruskal-Wallis ANOVA). See also Table  S5 for task-relevant sensorimotor abilities. (B) Disrupting synaptic output from hiw-GAL4, NP6024, or c739 neurons during the LTM consolidation period could impair appetitive LTM performance (p < 0.01, n = 8-10, ANOVA), but LTM was not affected in hiw-GAL4;MB-GAL80, NP5286, repo-GAL4 flies. See also Table S6 for task-relevant sensorimotor abilities. (C) Disrupting synaptic output from hiw-GAL4 neurons during 12-24 hr after training did not affect appetitive LTM (p > 0.7, n = 8-10, ANOVA). (D) Disrupting synaptic output from hiw-GAL4 neurons during the first 12 hr after training was sufficient to impair appetitive LTM. (p < 0.01, n = 8-9, ANOVA). Average data are presented as mean 6 SEM; **p < 0.01, ***p < 0.001. information to the downstream neurons in which LTM is formed. However, the remarkable feature of enabling singletrial induction of aversive LTM through targeted genetic manipulation of this cluster of neurons suggests that they play a unique permissive role in determining whether an experience should be consolidated.
Gating LTM
This newly identified function for permitting an experience to be consolidated leads us to propose a gating theory. This theory proposes that the a/b core neurons serve as a ''gate,'' and activation of this gating mechanism functions as a checkpoint that keeps LTM from being formed for general experiences, whereas only specific experiences, capable of ''opening'' this gate, can and are bound to trigger LTM consolidation and to form LTM ultimately. There is little survival advantage in committing never-to-be-repeated episodes to memory, particularly because the very act of LTM formation may be deleterious to the fly [11] . In contrast, repetitively occurring experience, such as spaced repetitive aversive conditioning, and events critical for survival, such as finding food or single-trial appetitive conditioning, would be able to ''open'' the gate, and therefore, LTM is formed for such experiences.
Experimental Procedures
Behavioral Assays Aversive and appetitive Pavlovian olfactory-conditioning procedures were performed as described previously [2, 7, 12] . For details of behavioral procedures, see Supplemental Experimental Procedures.
Statistical Analysis
Shapiro-Wilk test was used for the normality test. Normally distributed data were analyzed by two-tailed Student's t test or one-way ANOVA following Bonferroni test (Origin version 8; OriginLab). For the data not normally distributed, Mann-Whitney test and Kruskal-Wallis ANOVA were used. Statistical results are presented as mean 6 SEM. Asterisks indicate critical values (*p < 0.05, **p < 0.01 and ***p < 0.001). ''n.s.'' indicates no significant difference (p > 0.05).
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